25 26 27 28 Running title: Escherichia coli chemotactic to aromatic compounds 29 2 ABSTRACT (250 w.) 30 Escherichia coli, commonly used in chemotaxis studies, is attracted mostly by amino acids, 31 sugars and peptides. We envisioned modifying chemotaxis specificity of E. coli by expressing 32 heterologous chemoreceptors from Pseudomonas putida enabling attraction either to toluene 33 or benzoate. The mcpT gene encoding the type 40H methyl-accepting chemoreceptor for 34 toluene from Pseudomonas putida MT53 and the pcaY gene for the type 40H receptor for 35 benzoate and related molecules from P. putida F1 were expressed from the trg promoter on a 36 plasmid in motile wild-type E. coli MG1655. E. coli cells expressing McpT accumulated in 37 chemoattraction assays to sources with 60-200 µM toluene; less strongly than the response to 38 100 µM serine, but statistically significantly stronger than to sources without any added 39 attractant. An McpT-mCherry fusion protein was detectably expressed in E. coli and yielding 40 weak but distinguishable membrane and polar foci in 1% of cells. E. coli expressing PcaY 41 showed weak attraction to 0.1-1 mM benzoate but 50-70% of cells localized the PcaY-42 mCherry fusion to their membrane. We conclude that implementing heterologous receptors in 43 the E. coli chemotaxis network is possible and, upon improvement of the compatibility of the 44 type 40H chemoreceptors, may bear interest for biosensing . 45 46 IMPORTANCE (150 w.) 47 65
Bacterial chemotaxis might be harnessed for the development of rapid biosensors, in which 48 chemical availability is deduced from cell accumulation to chemoattractants over time.
49
Chemotaxis of Escherichia coli has been well-studied, but the bacterium is not attracted to 50 chemicals of environmental concern, such as aromatic solvents. We show here that 51 heterologous chemoreceptors for aromatic compounds from Pseudomonas putida at least 52 partly functionally complement the E. coli chemotaxis network, yielding cells attracted to 53 toluene or benzoate. Complementation was still inferior to native chemoattractants like serine, 54 but our study demonstrates the potential for obtaining selective sensing for aromatic 55 compounds in E. coli. Chemotaxis is a rapid (second-scale) behavior of motile organisms to swim towards an 60 attractant or away from a repellent. Chemotactic bacteria can produce a variety of 61 chemoreceptors, some of which with high chemical specificity and selectivity, and others 62 reacting more broadly to related compound classes (1). Chemotaxis could thus be an 63 interesting property for the development of bacterial-based biosensors, which might 64 eventually be deployed to detect and quantify chemical targets in samples (2, 3).
4 were shown to be chemotactic to aromatic compounds, such as to naphthalene, toluene, 85 benzoate or 2,4-dichlorophenoxyacetic acid (14-17). Some bacteria have been characterized 86 in some detail as to their MCPs and chemical effector(s). For example, an MCP named McpT 87 was identified on the self-transmissible plasmid pCRT1 in P. putida which 88 enables chemotaxis to toluene and naphthalene (18, 19) . This mcpT gene may be more 89 widespread among pseudomonads, as it possesses 99.8% sequence similarity to coding 90 sequences on the TOL plasmid pWW53 of P. putida MT53 (19) . Strain MT53 was mentioned 91 as a moderate chemotactic responder to toluene. Further chemoreceptors have been 92 characterized in P. putida F1. As an example, the PcaY receptor was shown to be involved in 93 chemotaxis towards vanillate, vanillin, 4-hydroxybenzoate, benzoate, protocatechuate, 94 quinate and shikimate (20) .
95
The primary goal of this work was to investigate whether chemotaxis specificity of E. 96 coli could be expanded towards aromatic compounds. This could be used as proof of concept 97 for the future development of biosensing strains of E. coli, selectively chemotactic towards 98 environmental pollutants, for deployment in quantitative biosensor microfluidic platforms (3).
99
Our strategy was to express the mcpT gene from P. putida MT53 (pWW53) or the pcaY gene 100 from P. putida F1 on a selectable plasmid in motile E. coli wild-type MG1655 and in a 101 mutant background in which the gene for the major chemoreceptor Tsr was deleted, and to 102 compare chemotaxis to toluene or benzoate with chemotaxis to serine or to no attractant in 103 strains expressing or not the mcpT or pcaY gene. Compound-specific chemotaxis was 104 quantified in two manners: firstly, by microscopy and image analysis from cell accumulation 105 nearby solid agarose sources containing the respective chemo-attractant; and secondly, by a 106 recently developed in-situ chemotaxis microfluidic assay (ISCA) (21). Subcellular 107 localization of the heterologous MCP receptors was assessed and quantified from expressed 108 equivalent mCherry-fusion proteins in E. coli observed by epifluorescence microscopy, in 6 Observing attraction to toluene is complicated by the technical difficulties to produce 139 a solid source containing toluene, which is poorly soluble in water and volatile. First attempts 140 using toluene dissolved in eicosane or dimethylsulfoxide before mixing with agarose were 141 unsuccessful. We could improve consistency by mixing small volumes of liquid toluene 142 directly with dissolved agarose at 55°C inside completely filled and closed glass vials. Indeed, 143 E. coli cells expressing McpT from the trg promoter on plasmid pCRO20 incubated in 144 motility buffer accumulated close to a solid agarose source with a 10 -3 toluene dilution 145 (equivalent to 60 µM, Fig. 2A, B ). Accumulation of cells in response to toluene was less 146 pronounced than in response to a 100 µM serine source but statistically significantly higher 147 than with sources without any attractant added ( Fig. 2A, B , one-way ANOVA and multiple 148 comparison, p=0.0119). Accumulation was robust across fourfold replicates and experiments 149 carried out independently on different days (Fig. 2B ). The variation in the magnitude of 150 accumulation was more important with toluene (±31% of the average) than with serine (±3%, 151 Fig. 2B inset) , which is likely due to the variation in preparing consistent sources with a 152 volatile attractant. At a tenfold lower toluene source concentration (6 µM), cell accumulation 153 of E. coli pCRO20 at the source edge was no different than to a source without anything 154 added ( Fig. 2B , inset). A tenfold higher source concentration of toluene (600 µM) did not 155 result in cells accumulating near the source surface, even though the cells were visibly still 156 motile and able to swim in the proximity of the source (data not shown).
157
In contrast to E. coli expressing McpT, cells of both E. coli containing the empty 158 plasmid pSTV28 and E. coli carrying a plasmid with a frameshift mutation in the mcpT 159 coding sequence causing premature ending (pCRO35) did not accumulate towards a 60 µM 160 toluene source to a higher degree than to a source without attractant added ( 
167
Cells of E. coli MG1655 (pCRO33) expressing PcaY from the trg promoter accumulated 168 nearby a source plug with 1 mM benzoate. The response was weaker than the response to 100 169 µM serine but stronger than to a source without added attractant (Fig. 3A) . A lower 170 concentration of benzoate (0.1 mM) decreased cell accumulation to a level no different from 171 that observed without attractant added (Fig. 3A) . Cells of E. coli MG1655 pSTV28 (without 172 pcaY) also accumulated nearby a 1 mM benzoate source, with similar intensity to MG1655 173 (pCRO33) ( Fig. 3B ). Cell accumulation of E. coli MG1655 (pCRO33) to sources of 4-174 hydroxybenzoate and vanillate (at 0.1 and 1 mM) was not significantly different than to a 175 source without attractant added.
176
Chemotactic cell accumulation in microfabricated wells. As a second independent 177 method for chemotaxis quantification we deployed the recently developed ISCA assay (21).
178
The ISCA consists of five replicates of ~110-µl wells, fabricated out of the biocompatible 179 polymer polydimethylsiloxane (PDMS) bonded to a glass slide. The wells are filled with a 180 chemoattractant solution and then immersed in a dilute cell suspension (2-4×10 6 cells ml -1 ). 
181

234
E. coli expressing pcaY-mCherry showed on average brighter fluorescence 235 localization in the cellular membrane and frequently at the cell poles ( Fig. 5F, 6A ), in a higher 236 proportion of cells (50-70%), and the top-10% fluorescence was clearly higher than E. coli 237 expressing McpT-mCherry ( Fig. 6C ). Fluorescence of the expressed PcaY-mCherry was less 238 bright than in case of Tsr-mCherry ( Fig. 5B, 6C ), but its localisation was similar ( Fig. 6A ).
239
Expression of PcaY-mCherry in a ∆tsr background increased the top-10% fluorescence level 240 of cells, suggesting higher expression and or more appropriate oligomerization. 
294
One of the issues when studying heterologous chemoreceptor expression in E. coli 295 and its correspondingly weaker or different chemotactic behaviour, is the poor sensitivity and 296 reproducibility of most traditional chemotaxis assays, such as capillary assays, swimming 297 plates or source accumulation assays. We showed here how cell accumulation to 298 chemoattractants at concentrations of the order of 100 µM concentrations can be more 299 accurately quantified from microscopic agarose plug assays with standard errors in the order 300 of 5% of the mean (Fig. 1) . Cell accumulation in the wells of the ISCA device across five 301 replicates was slightly more variable (standard error ~15% of the mean), which is most likely 302 due to the lower concentration of cells used (2-4×10 6 versus 10 9 cells ml -1 ), or, possibly, to 303 small differences in the geometry of the wells or fluid motion while incubating the cell 304 suspension. We noted additional effects on the outcome of the ISCA assays related different 305 growth temperatures of the E. coli culture (30°C or 37°C), the cell treatment procedure 12 (washing in motility buffer or not), and assay incubation temperature (preheating culture 307 media). ISCA assays confirmed previous studies that benzoate is a repellent for E. coli and 308 Salmonella (29), but only at concentrations above 300 µM (Fig. 4) . Toluene acts as repellant 309 for wild-type E. coli MG1655 already in the range of 60-200 µM (Fig. 4A) 
327
Reactions to ligands can be measured by Föster-resonance energy transfer between CheY and 328 CheZ (30, 31 (Table S1 ).
337
The forward primer 141001 contained a BamHI restriction site and the reverse primer 141002 338 was elongated with a ClaI restriction site. The PCR fragment was cloned into pGEM-t-Easy ® 339 (Promega) and the insert was verified by sequencing (Fig. S3) . The trg promoter of the E. coli 
345
S2). The correct fragment was finally inserted into pSTV28 by digestion with SacI and ClaI, 346 and the plasmid was renamed pCRO20 (Table 1, Fig. S2, S3 ). This plasmid was inserted into 347 a verified motile strain of E. coli MG1655 (E. coli Genetic Center, Yale, CGSC#8237, Table   348 1).
349
A frameshift mutation was introduced in mcpT to disrupt its coding sequence, by 350 digestion of pCRO20 with NsiI, removal of the 3'-overhangs by treatment for 20 min at 12 °C 351 with T4 DNA polymerase (New England Biolabs), and recircularization of the plasmid with 352 T4 DNA ligase. After transformation, this plasmid was renamed pCRO35 (Table 1, Fig. S2 ).
353
A mcpT-mcherry fusion was produced by amplification of a 'linker-mcherry' fragment from 354 plasmid pBAM-link-mcherry (32) using primers 170239 and 170240 elongated with a BglII 355 restriction site and the C-terminal part of mcpT until the internal MfeI site, respectively (Table   356 S1, Fig. S2 ). The 'link-mcherry' fragment was inserted in pCRO20 by digestion with BglII 357 and MfeI. This plasmid was renamed pCRO36 (Table 1, Fig. S2 ).
358
The receptor gene for PcaY from P. putida F1 was also cloned under the control of 359 the trg promoter on pSTV28. Its coding sequence (Pput2149) was amplified from P. putida 360 F1 genomic DNA using primers 160306 and 160307, whereas the trg promoter was amplified 361 using primers 150613 and 160305 (Table S1 ). Both PCR fragments were fused by sewing 14 PCR and cloned back into pSTV28 by digestion with SacI and ClaI. This plasmid was 363 renamed pCRO33 (Table 1, Fig. S2 ). To fuse the pcaY with mcherry reading frame, pCRO33 364 was digested with ClaI and EcoRI and the backbone was recovered. The trg-promoter-pcaY 365 fragment was reamplified and combined with the 'link-mcherry' fragment by sewing PCR, 366 using primers 170931 and 170932. This fragment was then reinserted into the pCRO33-ClaI-367 EcoRI backbone using In-Fusion HD cloning (Takara).
368
The tsr coding sequence was amplified from E. coli MG1655 genomic DNA using 369 primer 160309 and 160310, whereas the trg promoter fragment was amplified using primers 370 150613 and 160308 (Table S1 ). Both fragments were fused by sewing PCR and subcloned 371 into pGEM-t-Easy ® . The complete part was then recovered and introduced into pSTV28 by 372 digestion with SacI and PstI (localized in pGEM-t-Easy ® ). This plasmid was renamed 373 pCRO34 (Table 1) .
374
A tsr-mcherry fusion was produced by amplification of the 'link-mcherry' fragment 375 from pBAM-link-mcherry using primers 101003 and 101004, and a 'P trg -tsr' fragment from 376 pCRO34 using primers 070418 and 160308 (Table S1 ). Both fragments were fused by sewing 377 PCR, subcloned into pGEM-t-Easy ® and cloned back into pCRO34 by digestion with SacI 378 and SpeI. This plasmid was named pCRO38 (Table 1) 37°C with 180 rpm shaking until they reached exponential phase (culture turbidity at 600 nm 387 of between 0.5 and 0.6). For chemoattraction assays, 1-5 milliliter of culture was centrifuged 388 at 2,400×g for 5 min, the upper 0.9 ml of liquid were carefully removed (note that motile cells 389 do not really sediment), and replenished with 1 mL of motility buffer (motility buffer is 10 390 15 mM potassium phosphate, 0.1 mM EDTA, 10 mM lactate, pH 7.0) (34). This procedure was 391 repeated once more and finally the cells were resuspended in 500 µl of motility buffer, 392 yielding a density of ~10 9 cells ml -1 .
393
For ISCA assays, 5 ml of washed exponentially growing culture in M9-Glc-Cm30 394 was diluted in 300 ml preheated (37°C) motility buffer to obtain a cell concentration of 2-4 395 ×10 6 cells ml -1 , and this suspension was used within 30 min. Note that we kept the washing 396 procedure the same between both chemotaxis assays, although we noticed that directly 397 diluting exponentially growing cells in motility buffer (without any centrifugation) increases 398 the proportion of cells responsive to 100 and 300 µM serine in the ISCA assay by almost a 399 factor of ten. This did not measurably influence the cell accumulation to toluene and 400 benzoate. 
407
To prepare the source of toluene, 1.8 % of agarose was dissolved in tap water and 408 kept at 55°C. 2 ml glass vials with Teflon-lined screw-cap (Supelco Analytical) were filled 409 with 1.6 ml of melted 55°C-warm agarose solution, into which was dissolved 10 µl of pure 410 toluene. The toluene density is 0.87 g mL -1 and its molecular mass is 92.14 g mol −1 ; therefore, 411 adding 10 µl toluene to 1.6 ml volume is equivalent to 8.7 mg per 1.6 ml = 5.4 mg ml -1 . This 412 corresponds to 60 mM. This toluene stock was serially diluted in prewarmed agarose by 413 adding and mixing 0.15 ml of the agarose with the pure toluene source into 1.4 ml of 55°C-414 warm agarose solutions, and from there to further agarose solutions. The 10 -3 dilution is thus 415 equivalent to 60 µM. Toluene stocks were prepared fresh for every experiment.
416
Sources of benzoate were prepared by 100-fold dilution of a 1 M sodium benzoate 417 stock in 1.8 % 55°C-warm agarose, which corresponds to a concentration of 10 mM benzoate.
418
From here, benzoate was serially diluted in 55°C-warm agarose to obtain stocks of 1 and 0.1 419 mM. All vials were kept tightly closed in a water bath at 55°C until preparing the chambers.
420
Agarose solutions were prepared fresh for every experiment.
421
For ISCA assays, the chemoattractants were diluted in motility buffer without 422 agarose.
423
Chemoattraction assays using agarose plugs on microscope slides. While washing 424 the cell cultures, the microscope source chambers were prepared (Fig. S1 ). Chambers 
